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Abstract. Dark matter (DM) in protostellar halos can dramatically alter the current theoretical framework for the formation
of the first stars. Heat from supersymmetric DM annihilation can overwhelm any cooling mechanism, consequently impeding
the star formation process and possibly leading to a new stellar phase. The first stars to form in the universe may be “dark
stars”: giant (∼> 1 AU) hydrogen-helium stars powered by DM annihilation instead of nuclear fusion. Possibilities for detecting
dark stars are discussed.
PACS: 97.10.Bt,95.35.+d,98.80.Cq
INTRODUCTION
At a lunch with David Gross, Director of KITP and win-
ner of the 2004 Nobel Prize, one of us (K.F.) asked him
what his goals were for the Large Hadron Collider, the
billion dollar accelerator at CERN in Geneva that will
start taking data this spring. His answer was, “Super-
symmetry, Supersymmetry, Supersymmetry.” Supersym-
metry (SUSY), at this point a beautiful theoretical con-
struct, has the capability of addressing many unanswered
questions in particle theory as well as providing the un-
derpinnings of a more fundamental theory such as string
theory. If SUSY is right, then for every known particle
in the universe, there is an as yet undiscovered partner.
The lightest of these, known as the Lightest Supersym-
metric Particle or LSP, would provide the dark matter in
the universe.
The LSP is the favorite dark matter candidate of many
physicists. This is true not only because of the beautiful
properties of SUSY, but also because the LSP automat-
ically has the right properties to provide 24% of the en-
ergy density of the universe. In particular, the neutralino,
the SUSY partner of the W, Z, and Higgs bosons, auto-
matically has the required weak interaction cross section
and ∼ GeV - TeV mass to give the correct amount of
dark matter in the universe today. The SUSY particles
are in thermal equilibrium in the early universe, and an-
nihilate among themselves to produce the relic density
today. It is this same annihilation process that is the ba-
sis of the work we consider here. The SUSY particles,
also known as WIMPs (Weakly Interacting Massive Par-
ticles), annihilate with one another wherever their den-
sity is high enough. Such high densities are achieved in
the early universe, in galactic haloes today [1, 2], in the
Sun [3] and Earth [4, 5], and, as we have found, also in
the first stars [6]. As our canonical values, we will use the
standard value 〈σv〉= 3× 10−26cm3/sec for the annihi-
lation cross section and mχ = 100 GeV for the SUSY
particle mass; but will also consider a broader range of
WIMP masses (1 GeV–10 TeV) and cross-sections.
We here describe the results of our work [6] which
considers the effect of SUSY dark matter annihilation on
the first stars. These stars form at redshifts z ∼ 10− 50
in dark matter (DM) haloes of 106M⊙ (for reviews see
e.g. [7, 8, 9]). One star is thought to form inside one such
DM halo. We must first ask, what is the dark matter den-
sity inside a forming protostar? To answer this question
we use an adiabatically contracted NFW profile [10]. We
start with an overdense region of 105 − 106M⊙ with an
NFW profile for both DM and gas, where the gas contri-
bution is 15% of that of the DM. Then we use adiabatic
contraction (M(r)r = constant) [11] and match onto the
baryon density profiles given by [12, 13] to obtain DM
profiles. Our resultant DM profiles are shown in Fig. 1a
for concentration parameter c = 10 at a redshift z = 19
and halo mass M = 106M⊙. It is important to point out
that our results do not change much when these parame-
ters change; e.g. even for c = 1, the dark matter density
only changes by a factor of 4. After contraction, the DM
density at the outer edge of the baryonic core is roughly
ρχ ≃ 5GeV/cm−3(n/cm−3)0.81 and scales as ρχ ∝ r−1.9
outside the core. Our adiabatically contracted NFW pro-
file matches the DM profile obtained numerically in [12],
who also found ρχ ∝ r−1.9, for both their earliest and lat-
est profiles.
WIMP annihilation produces energy at
a rate per unit volume Qann = 〈σv〉ρ2χ/mχ
≃ 1.2 × 10−29erg/cm3/s (〈σv〉/(3 × 10−26cm3/s))
(n/cm−3)1.6(mχ/(100GeV))−1. In the early stages of
FIGURE 1. Adiabatically contracted DM profiles for (a) an
initial NFW profile and (b) an initial Burkert profile [14], for
Mvir = 106M⊙, cvir = 10, and z = 19. The blue (solid) lines
show the initial profile. Black (dot-dash) lines correspond to
a baryonic core density of 107cm−3, red (long-dashed) lines
to 1010cm−3, magenta (dashed) lines to 1013cm−3 and green
(dotted) lines to n∼ 1016cm−3.
Pop III star formation, when the gas density is low, most
of this energy is radiated away [15, 16]. However, as
the gas collapses and its density increases, a substantial
fraction fQ of the annihilation energy is deposited into
the gas, heating it up at a rate fQQann per unit volume.
We have estimated the fraction fQ of DM annihilation
energy that remains inside the gas core. While neutrinos
escape from the cloud without depositing an appreciable
amount of energy, electrons and photons can transmit
energy to the core.
We find that, for LSP mass mχ = 100GeV (1 GeV),
a crucial transition takes place when the gas density
reaches n > 1013cm−3 (n > 109cm−3). Above this den-
sity, most of the annihilation energy remains inside the
core and heats it up to the point where further collapse of
the core becomes difficult. To compare with DM heating,
we include all relevant cooling mechanisms. The domi-
nant mechanism is H2 cooling; we use the rates in [17].
We use the opacities from [18]; e.g. at n∼ 1013cm−3, we
take a ∼ 8% cooling efficiency. Setting the heating rate
equal to the cooling rate gives the critical temperature
Tc(n) at a given density n below which heating domi-
nates.
In figure 2 we compare Tc(n) to typical evolution
tracks in the temperature-density phase plane. The blue
(solid) and green (dotted) lines show the temperature
evolution of the protostellar gas in the simulations (with-
out DM) of [18] and [13] respectively. The red (dashed
and dot-dashed) lines show the critical temperature: be-
low these lines, DM heating dominates over all cooling
mechanisms.
Figure 2 illustrates results for a range of WIMP masses
from 1 GeV–10 TeV for a canonical 3× 10−26cm3/sec
annihilation cross-section. Since the heating rate scales
FIGURE 2. Comparison of critical temperature (red dashed
lines) to typical evolution tracks in the temperature-density
phase plane. The blue (solid) and green (dotted) lines show
the protostellar gas evolution from simulations of [18] and
[13] respectively. The red dashed lines mark Tc(n) for: (i)
mχ = 1 GeV with H2 density from simulations, (ii) mχ = 1
GeV assuming 100% H2, (iii) mχ = 100 GeV and (iv) mχ = 10
TeV. At the crossing point of the blue/green and red lines, DM
heating dominates over cooling in the core’s evolution.
as 〈σv〉/mχ , these same curves equivalently apply to a
variety of cross-sections for a given WIMP mass.
The important result is that the blue/green (evolution-
ary) and red (critical temperature) lines always cross, re-
gardless of WIMP mass or H2 fraction: this is a robust
result. As soon as the core density reaches this cross-
ing point, the DM heating dominates inside the core
and changes its evolution. Notice that at mχ =1 GeV,
the crossing point for small H2 fraction is at low densi-
ties, around n∼ 105cm−3, in agreement with [15]. If the
H2 fraction is increased, cooling dominates for a longer
time, as expected, but not forever. Our results were ob-
tained for two possible values for the H2 fraction: the
value given by the simulations without DM, and the case
of 100% molecular hydrogen.
As soon as the DM annihilation products are contained
inside the protostellar core, the heating dominates over
the cooling. Hence, for 100 GeV (1 GeV) neutralino
DM, once the gas density reaches a critical value of
∼ 1013cm−3 (109cm−3), the heating rate from DM an-
nihilation exceeds the rate of hydrogen cooling. The pro-
tostellar core is prevented from cooling and collapsing
further. The size of the core in the standard Pop III mod-
els at this point is ∼ 17 A.U. (∼ 960 A.U.) and its mass
is ∼ 0.6M⊙ (∼ 11M⊙); we plan to compute the stellar
structures of the “dark stars” to see what alternative size
and mass result. Our main conclusion is that the standard
picture of Pop III star formation is drastically modified
by neutralino dark matter annihilation inside the proto-
stellar object.
We propose that a new type of object is created, a
“dark star” supported by DM annihilation rather than fu-
sion. The question is how long such a phase of stellar
evolution lasts. If such an object were stable for a long
time period, it would even be possible for these dark
stars to still exist today. Dark stars could last as long
as the DM annihilation timescale, τe = mχ/(ρχ〈σv〉)
≃ 0.6 Gyr (n/1013cm−3)−0.8 (mχ/100GeV) (σv/3×
10−26cm3s−1)−1. For our canonical case, we find τe ∼
600 Myr (∼ 15 Myr) for n = 1013cm−3 (n = 1015cm−3).
By comparison, the entire timescale for collapse (with-
out taking into account DM annihilation) is ∼ 1 Myr at
z = 50 or 100 Myr at z = 15; even for the more recent
episodes, the dynamical time at the high densities con-
sidered here is very short (< 103 yr). However, after this
DM annihilates away, it is possible that the DM hole in
the small central core can fill in again, depending on the
DM orbits at this stage. DM further out can also continue
to heat the core. On the other hand, as baryons continue
to accrete onto the protostar, it is possible that the anni-
hilation shuts down sooner. The lifetime of the dark star
phase is crucial to addressing the question of the effects
it has on the universe.
The effects of such a new phase of stellar evolution
could be very interesting. The reionization of the IGM
could be quite different, as would be the production of
the heavy elements required to form all future genera-
tions of stars. DM heating may also alter the mass of Pop
III stars. Due to DM heating the initial mass function for
Pop III stars could be modified. On the one hand the DM
heating could prevent further accretion of baryons [19]
so that the resulting stars are less massive. Alternatively
the initial protostellar object may be larger and dark stars
might accrete enough material [20] to form large black
holes [21, 22] en route to building the 109M⊙ black holes
observed at z ∼ 6.
What are the observational consequences of a “dark
star”? Dark stars are giant objects, with core radii ∼> 1
AU; perhaps they could be found by lensing experiments.
The DM annihilation products may be seen in detectors
on Earth today, e.g. neutrinos travel great distances with-
out interacting and might be seen in e.g. AMANDA or
ICECUBE. It is interesting to imagine that DM could be
discovered in this way. Or, if it is previously discovered
elsewhere, then its properties (mass and cross-section)
could be studied. The photons resulting from the annihi-
lation could contribute to the γ-ray background and could
be seen by GLAST or atmospheric Cherenkov telescopes
such as HESS, VERITAS, and MAGIC. Alternatively, if
the DM heating slows down but does not entirely hinder
the Pop III collapse, the difference of the expected evo-
lution from the more standard scenario could be seen in
the next generation of telescopes such as JWST.
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